The shear strength of reinforced concrete beams with stirrups has been a highly controversial matter since Ritter and Mö rsh proposed the first truss models. Since then, different analytical models have been discussed, such as truss models with concrete contribution, shear/compression theories, truss models with variable angle of inclination, and compression field theories. However, some of these models were too complex to be implemented in a code of practice and they had to be simplified. As Regan has pointed out, for simpler models the problem is mostly that of the need to neglect some factors, considered secondaries. However, what is secondary in one case may be primary in another. With the release of the new Eurocode 2 (prEN 1992-1-1:2003) the controversy has been raised again. The EC-2 proposes a very simple formulation based on a truss model. However, the authors think that it is a gross oversimplification of a complex problem as it neglects important key variables. In this paper the new EC-2 shear procedure predictions are compared to empirical tests and to other simplified formulations. It is concluded that the EC-2 procedure is very easy to use by practising engineers but it presents a great scatter of results. On the one hand, it may be too conservative for slightly shear-reinforced beams or for prestressed beams. On the other, it may be slightly unconservative for heavily reinforced members.
Introduction
The new Eurocode 2 Design of Concrete Structures -Part 1-1: General Rules and Rules for Buildings is going to be launched in some months.
Ã This new Eurocode 1 is adapted to the challenges that practising engineers must confront in their everyday work, improving the previous code in many respects. The shear strength procedure has changed considerably from the previous Eurocode. For beams with web reinforcement, the shear strength is based on a truss model, with a variable angle of inclination of the struts and without any concrete contribution. This leads to a very simple procedure that allows practising engineers to calculate the shear strength, for any case, very quickly. In fact, it is almost as simple as the Ritter 2 and Mö rsch 3 models formulated in the early 20th century. However, it is the authors' opinion that this significant simplification may overlook some important parameters affecting shear strength, as Regan already sentenced for some simplified models. 4 The EC-2 shear procedure is based on a truss model and it verifies the equilibrium condition, therefore the EC-2 model satisfies the lower bound theorem if the concrete and the steel do not exceed the yield condition anywhere, and consequently the method is safe. The latest models found in the technical literature, even the simplified models, try to satisfy the equilibrium and the compatibility conditions. In fact, complex models such as the modified compression field theory (MCFT) 5 may be explained as a truss model in which the shear strength is the sum of the steel and concrete contribution. The main difference from a classic truss model with concrete contribution (i.e. the procedure in the EC-2 of 1991 6 ) is that the concrete contribution in the MCFT is the vertical component of the shear stress transferred across the crack (Figure 1 ), y ci , and not the diagonal cracking strength.
Models based on compatibility and equilibrium conditions predict that the angle of inclination of the struts at failure depends, among other factors, on the cross-sectional dimensions, the amount of longitudinal and transverse reinforcement and the bending moment concomitant with the shear force acting at the studied section. For this reason, these models predict a non-linear response based on the amount of web reinforcement. The greater the number of stirrups the less effective they are 7 because the angle of inclination of diagonal compressive stresses with respect to the longitudinal axis of the member increases. The truss model of the new Eurocode 2 proposes a linear response (without concrete contribution) until the failure is governed by crushing of the compression struts. As it will be discussed later, this leads to very conservative results when compared with experimental tests on lightly shear-reinforced beams and slightly unconservative results for highly shear-reinforced members.
Shear strength procedure for beams with web reinforcement in the new Eurocode 2
For reinforced concrete members with vertical shear reinforcement, the shear resistance, V Rd,s , should be taken to be the lesser, either
where V Rd,s is the design value of the shear force which can be sustained by the yielding shear reinforcement; V Rd,max is the design value of the maximum shear force which can be sustained by the member, limited by crushing of the compression struts; A sw is the crosssectional area of the shear reinforcement; s is the spacing of the stirrups; z is the lever arm, that may be considered as z ¼ 0 . 9d; f ywd is the yield strength of the shear reinforcement; u is the angle of the inclined struts; b w is the width of the web; f cd is the design compressive cylinder strength of concrete at 28 days; and a c is a coefficient that takes into account the effect of normal stresses on the shear strength. The recommended value of a c follows from the following expressions: 1 for non-prestressed structures; (1 þ s cp /f cd ) for 0 , s cp 0 . 25f cd ; 1 . 25 for 0 . 25f cd , s cp 0 . 50f cd ; and 2 . 5(1 2 s cp / f cd ) for 0 . 50f cd , s cp 1 . 00f cd . s cp is compressive stress in concrete from axial load or prestressing. n is a coefficient that takes into account the increase of fragility and the reduction of shear transfer by aggregate interlock with the increase of the compressive concrete strength. It may be taken to be 0 . 6 for f ck 60 MPa, and 0 . 9 2 f ck /200 . 0 . 5 for high-strength concrete beams. The recommended limiting values for cot u are given by 1 cot u 2:5 ð3Þ
The new EC-2 proposes, as the minimum amount of web reinforcement,
where f ck is the characteristic compressive cylinder strength of concrete at 28 days; and f yk is the characteristic yield strength of stirrups. To carry out this study, the final draft of the Eurocode 2 prEN 1992-1-1, dated December 2003, has been used. 1 No major amendments are assumed to be carried out to this draft.
Comparison of the EC-2 predictions with test results

Shear database
In order to evaluate the EC-2 shear procedure for reinforced concrete members with web reinforcement, a database with 202 beams was developed. It relied basically on the databases developed by Bentz, 8 Kuchma 9 and
Zararis. 10 Although all these 202 beams were reported to have failed in shear, some may actually have failed in flexure. For this reason, and in order to obtain a fair comparison of shear code predictions and experimentally observed failure loads, a filter to eliminate those beams failing in flexure was applied to the database. All beam specimens whose calculated flexural strength was lower than the actual value reached during the test (with a 5% security margin) were removed from the database. Finally, the database was composed of 122 beam specimens. All the beams were simply supported and loaded with one or two point loads.
The longitudinal reinforcement was constant along the beam. The shear span to depth ratio, a/d, for all these beam specimens was greater than 2 . 49. Figure 2 shows the shear span of a typical reinforced concrete beam specimen tested by the authors. Table 1 summarises the ranges of the different variables in the database.
It is important to highlight that the main objective of this research was not to develop the most accurate database to justify the use of one or another model, but to qualitatively compare some shear procedures with different tested beams. Great efforts were made in order to avoid inaccuracies in the database. Nonetheless, if any errata existed in the final database it would affect all the compared procedures.
All the beams in the database contain at least the minimum amount of shear reinforcement proposed by the CSA-94 provision, 11 shown by
where f y is the yield strength of stirrups. The previous expression was chosen because it is the minor minimum amount of shear reinforcement of the different studied codes. Yoon et al. 12 justified that it offers an adequate reserve of strength after the web cracking.
Comparison with the test results
Comparisons between the experimental results and those obtained by the code procedure are given in Table 2 and in the Appendix. The value of the ratio V fail /V pred (shear force causing failure in the empirical test/predicted shear resistance by different compared formulations) has been calculated for each beam specimen. If the shear strength calculated by the EC-2 procedure was higher than the concomitant shear force at the flexural failure load, the latter has been considered as the value of the EC-2 shear strength. The average V fail /V pred ratio for the 122 beam specimens is 1 . 64 with a coefficient of variation (CoV) of 32 . 24% for the new EC-2 formulation.
It can be seen in Table 2 that the average of the V fail /V pred ratio for the EC-2 shear procedure varies significantly for different subsets of beams. For heavily shear-reinforced concrete beams (r w f y . 2 MPa where r w is the reinforcement ratio for shear reinforcement) the EC-2 is slightly unconservative with a
V fail /V pred ratio equal to 0 . 86. On the other hand, for lightly reinforced concrete beams (r wf y 1 MPa) the EC-2 is excessively conservative with a V fail /V pred ratio equal to 1 . 80. In Figure 3 the relationship between the EC-2 shear strength predictions and the amount of web reinforcement is presented.
The conservative results for slightly reinforced concrete beams are evident as the concrete contribution is neglected, a very important factor when the steel contribution is low. The slightly unconservative results for highly reinforced concrete beams are due to the assumption of the EC-2 procedure that the angle of the concrete struts can be as low as cot u ¼ 2 . 5; meanwhile for highly reinforced beams cot u may only reach values around 1 . 10-1 . 30 according to models based on equilibrium and compatibility.
Comparison of the test results with other formulations
The empirical shear strength of the 122 beam specimens of the database has been compared with four other formulations: the truss model with concrete contribution of the old EC-2 6 (ENV 1992-1-1:1991), the equation 11-3 of the ACI 318-02 Code, 13 the draft for public comment of the CSA 14 (CSA Committee A23 . 3, 2003) , and a semi-analytical method proposed by Cladera and Marí. 7 All these methods are summarised in Table 3 .
The procedure proposed by Cladera and Marí 7 is based on a truss model with a variable angle of inclination of the struts plus a concrete contribution. The angle is obtained by compatibility, based on the MCFT. To adjust the concrete contribution, an artificial neural network was developed to predict the shear strength of reinforced beams failing on diagonal tension failure and, based on its results, a parametric study was carried out. The concrete contribution takes into account the main observations of this parametric study.
To calculate the shear strength predicted by the methods that consider the influence of the bending moment on the shear strength (CSA 2003 14 and Cladera and Marí 7 ) a critical location must be selected. This has been taken as a distance 0 . 9d from the edge of the loading plate. As the dimensions of the loading plate were not always known, it has been considered a 150 mm wide (%6 inch) loading plate. The results shown in Table 2 indicate that for reinforced concrete members with web reinforcement the average of the V fail /V pred ratio is equal to 1 . 19 for the old EC-2 shear procedure, 1 . 38 for the ACI 318-02 shear procedure, 1 . 13 for the CSA formulation and 1 . 06 for the proposed method by Cladera and Marí. The coefficients of variance (CoVs) are 17 . 95, 22 . 25, 17 . 27 and 15 . 44% respectively. It can be seen that even the very simple equation 11-3 of the ACI 318-02 correlates better with the empirical tests than the new EC-2 does. The old EC-2 formulation of 1991 also offers a better correlation with the test results than the new EC-2 shear procedure.
The relationship between the predictions by different methods considered in this paper and the amount of web reinforcement is presented 4 Figure 2 Cracking at shear failure for a typical reinforced concrete beam 
and u are given in simple design equations as function of the longitudinal strain at mid-depth. f c 64 MPa 
EC-2 predictions for prestressed concrete beams compared with other formulations
To study how well the EC-2 predicts the shear strength of prestress tested beams, 40 beam specimens in the works reported by Bennett and Balasooriya, 15 Elzanaty et al., 16 Kaufman and Ramírez, 17 Lyngberg, 18 Shahawy and Batchelor 19 and Rangan 20 have been studied.
The photograph in Figure 4 illustrates a typical test configuration on a prestressed beam specimen. Table 4 compares the correlations of the different shear formulations with the empirical results.
If the results of all beams are studied together, the new EC-2 shear procedure gives a V fail /V pred ratio equal to 1 . 22 with a coefficient of variation of 34 . 26%. However, it is possible to divide the beam specimens into two sets ( Table 4 ). The first set includes the beams that collapsed because of concrete crushing (22 beam specimens). The second contains the beams that failed after yielding of stirrups (18 beams). For the second set the new EC-2 shear procedure is more conservative.
The new EC-2 procedure does not consider the influence of the prestressing force on the shear strength (Table 3) . For this reason, the average of the V fail /V pred ratio increases from 1 . 11 to 1 . 96 as the concrete compressive stress at the centroidal axis due to prestressing increases from s cp 4 . 5 MPa to s cp . 9 MPa. This behaviour is not observed so clearly for the other shear procedures. The proposed method for prestressed beams with web reinforcement by Cladera and Marí is an extension of the method for reinforced concrete beams and it is presented elsewhere. 21 
Conclusions
The new Eurocode 2 shear procedure for members with web reinforcement is, indeed, a very simple method to calculate the shear strength for practising engineers and it verifies the lower bound theory of plasticity. However, it neglects variables that may be primary for some beams, and it offers a great scatter of results when compared to empirical tests. These results may be slightly unconservative for highly shear-reinforced members, and they are too conservative for slightly reinforced beams, as no concrete contribution is considered. Moreover, the benefit of prestressing is not taken into account due to the excessive simplicity of the model. Other formulations studied in this paper offers much better correlation to the empirical tests than the new Eurocode 2, even the well known ACI Code formulation or the shear procedure of the old Eurocode of 1991. Definitely, it is 4 Figure 4 Typical test configuration for a prestressed beam specimen the authors' opinion that shear strength in the new Eurocode 2 is a step forward in terms of simplicity but, as has been shown, for specific cases other methods are more accurate.
